Cultures of Streptococcus bovis and mixed populations of rumen bacteria were used to investigate the concentration of ATP and rumen bacterial numbers at various stages of growth. ATP, extracted with Tris buffer, was analyzed using the firefly luciferin-luciferase bioluminescent reaction. ATP concentrations of S. bovis and mixed cultures of rumen bacteria significantly correlated with live cell counts during the log phase of growth but not during the stationary phase. The average cellular ATP concentration of rumen bacteria was calculated to be 0.3 fg of ATP per cell. Studies done with in vivo artificial rumen apparatus revealed that the protozoal contribution to rumen fluid ATP pool size was much more substantial than was the bacterial contribution. The rumen fluid ATP concentration was greater in cattle with protozoa than in those that were defaunated. Differences in ATP concentration due to size differences of ciliate protozoa were observed. Due to the unbalanced distribution of ATP in rumen microbes, ATP appears to be an unsuitable indicator of rumen microbial biomass.
Cultures of Streptococcus bovis and mixed populations of rumen bacteria were used to investigate the concentration of ATP and rumen bacterial numbers at various stages of growth. ATP, extracted with Tris buffer, was analyzed using the firefly luciferin-luciferase bioluminescent reaction. ATP concentrations of S. bovis and mixed cultures of rumen bacteria significantly correlated with live cell counts during the log phase of growth but not during the stationary phase. The average cellular ATP concentration of rumen bacteria was calculated to be 0.3 fg of ATP per cell. Studies done with in vivo artificial rumen apparatus revealed that the protozoal contribution to rumen fluid ATP pool size was much more substantial than was the bacterial contribution. The rumen fluid ATP concentration was greater in cattle with protozoa than in those that were defaunated. Differences in ATP concentration due to size differences of ciliate protozoa were observed. Due to the unbalanced distribution of ATP in rumen microbes, ATP appears to be an unsuitable indicator of rumen microbial biomass.
ATP has been used for the estimation of viable bacterial concentrations in several ecosystems (16) . Because ATP is only found in living cells and because the methods of extraction and analysis are fast, specific, and easily reproduced, the ATP system has been used for the study of living microbes in many varied environments. However, only limited information is available on the value of ATP as a rumen microbial marker. Wolstrup and Jensen (26) and Erfle et al. (9, 10) studied the relation of rumen ATP concentration to microbial mass. Because their bacterial biomass determinations included both living and dead cells, the results of their experiments were uncertain. Also, the protozoal contribution to the rumen fluid ATP pool was not assessed. Forsberg and Lam (13) reported a 10-fold-higher ATP concentration in the protozoal fraction than in the bacterial fraction of rumen fluid, but no attempt was made to correlate ATP to protozoal numbers.
For these reasons, the relationship of ATP concentration and viable rumen microbial numbers was studied. To evaluate ATP as a bacterial marker in the rumen, the relationship between ATP and growth of pure and mixed cultures of rumen bacteria was investigated. Also, attempts were made to determine the relative contributions of bacteria and protozoa to the rumen ATP pool.
MATERIALS AND METHODS ATP analysis. ATP was analyzed using the firefly luciferin-luciferase bioluminesCent reaction (19) . The analytical method was a combination of several procedures (4, 13, 17) . The crude luciferin-luciferase preparation (FLE-50; Sigma Chemical Co., St. Louis, Mo.) was reconstituted in the cold (5°C) with 12 ml of Tris buffer (0.02 M, pH 7.75) for 1 to 2 h. The contents of the vial were centrifuged at 27,000 x g at 4°C for 15 min, and the supernatant was stored on ice until used. Strained rumen fluid from each animal was centrifuged anaerobically (centrifuge bottles were flushed with CO2 and then capped) at 200 x g for 5 min. Aliquots (1 ml) of the supernatant were inoculated to 100 ml of rumen fluid medium contained in a serum bottle capped with butyl rubber stoppers and aluminum seals (20) . Cultures incubated at 39°C were sampled hourly from 2 to 8 h after inoculation for absorbance, culture count, and ATP analysis. Culture counts of anaerobic bacteria were determined by the roll-tube technique, using 40% standard rumen fluid medium (14) . Dilution blanks for diluting rumen samples were of the same composition as the 40% standard rumen fluid medium except that cellobiose, starch, and agar were deleted, glucose was increased to 0.1%, and cell-free rumen fluid instead of strained rumen fluid was used at 10o (vol/vol). Samples for ATP analysis were taken from the 10-1-diluted cultures to preserve anaerobiosis better during sampling.
VIVAR studies. An in vivo artificial rumen system (VIVAR) was employed to study the relationship of bacterial and protozoal counts to ATP concentration in rumen fluid. The VIVAR (11) consists of a stainlesssteel cylinder that is suspended with rubber tubing in the rumen. The ends of the VIVAR are capped with membrane filters held in place with stainless-steel wire mesh screens, rubber washers, and outer nuts. The pore size of the filter membranes determines the size and number of bacteria and protozoa that can enter the VIVAR. Two rumen-fistulated cattle fed diets consisting of 70% alfalfa hay and 30% grain supplement were used in the study. Six VIVARs with 50-cm rubber tubing were autoclaved and then assembled in duplicate with no filter membrane (stainless-steel screen only) or with 8-or 14-i±m membrane filters (Millipore Corp., Bedford, Mass.). The assembled VIVARs were suspended in the middle of the ventral sac of the rumen at different times after feeding. After 1 h of equilibration in the rumen, the VIVAR contents were sampled with 76-cm-long, 18-gauge sterilized needles. The VIVAR contents were used to determine bacterial and protozoal counts and ATP concentrations. Samples for protozoal counts were diluted with 30% (vol/vol) glycerol-phosphate buffer (pH 6.8) and counted in a Sedgewick-Rafter counting chamber. Protozoa were identified as described by Dehority (6).
Effect of defaunation on rumen ATP level. Rumenfistulated cattle fed diets consisting of varied amounts of alfalfa hay and grain supplement were used to estimate rumen ATP before and after defaunation. Two animals were fed an all-alfalfa hay diet (100%), four were fed 70% alfalfa hay and 30% grain supplement, and one was fed 50% alfalfa hay and 50% grain supplement. The composition of the grain supplement was as described above. The three different diets were designed to obtain rumen samples with different populations of microorganisms, particularly that of the protozoa.
On the day of the experiment, rumen fluid samples were collected at 0 (before feeding) and at 1.5, 3, and 6 h after feeding to determine bacterial and protozoal numbers and ATP concentration. The number of observations made for each group is shown in Table 3 . Animals were starved for 24 h before dosing with 100 ml of dioctyl sodium sulfosuccinate per 500 kg of body weight (Aerosol OT solution, 75% aqueous; Fisher) as described by Abou Akkada et al. (1) . After cattle were adapted to the defaunated condition for 2 weeks, rumen fluid samples were collected as above for determining bacterial and protozoal numbers and ATP concentration.
RESULTS
Relation of ATP to S. bovis growth. The ATP pool size for S. bovis grown in BHI broth increased from 0.1 to 1.2 ,ug of ATP per ml of culture by the late log phase (Fig. 1 ). An immediate decrease and stabilization in the ATP pool size to 0.4 ,ug of ATP per ml of culture, followed by a slight downward trend, were observed throughout the stationary phase. Forrest (12) reported a similar decline in ATP pool size during the stationary phase for Streptococcus faecalis grown on a semidefined medium. The cellular ATP concentration for S. bovis (Table 1) APPL. ENVIRON. MICROBIOL. The ATP pool size correlated (p < 0.01) with the live cell count (LCC) in the log phase of growth with a correlation coefficient of 0.93. However, in the stationary phase of growth, the ATP pool size and LCC did not correlate significantly. Because BHI medium is limited to 0.2% glucose, it is reasonable to expect exhaustion of the energy supply by S. bovis. Thus, no correlation would be expected for ATP and log LCC for this stage of the growth curve.
Relation of ATP to growth of mixed cultures of rumen bacteria. In rumen bacteria cultured from the animal fed 70% alfalfa hay and 30% grain, the ATP pool size increased from 0.1 to 0.5 jig of ATP per ml of culture during the first 4 h of incubation (Fig. 2) . Throughout the stationary phase, the ATP pool size stabilized at 0.4 ,ug of ATP per ml of culture. The correlation coefficient of 0.79 for LCC and ATP pool size for the entire 2-to 8-h incubation period was significant (P <0.01). In rumen bacteria cultured from the animal fed 50% alfalfa hay and 50% grain, the ATP pool size increased from 0.5 to 2.5 pug of ATP per ml of culture during the first 4 h of incubation (Fig. 2 ). An immediate decrease in ATP pool size after this increase with a concurrent stabilization in LCC was observed. The correlation coefficient of 0.38 was not significant.
The cellular ATP concentration for rumen bacteria cultured from animal 1 ( VIVAR studies. The VIVARs assembled with membrane filters of different pore sizes produced rumen microenvironments with various numbers and sizes of protozoa and bacteria in their contents (Table 2) . With the 8-,um filter there was an average of 0.33 protozoa and 1.4 x 109 rumen bacteria per ml of VIVAR contents.
The ATP concentration was 7.8 ng of ATP per ml of contents. The VIVAR with 14-,um filters had 1,050 protozoa and 5.1 x 108 rumen bacteria per ml. The mean ATP concentration was 0.33 p.g of ATP per ml. Thus, as more protozoa filtered through the membrane, a greater (42-fold) increase in ATP concentration was observed. The VIVAR assembled with stainlesssteel screens but without membrane filters (designated as "no filter") permitted the entry of 116,000 protozoa and 7.5 x 108 rumen bacteria per ml of VIVAR contents. The corresponding ATP concentration was 13.1 jig of ATP per ml.
The 8-p.m filter prevented protozoa from entering the VIVAR and thus produced an artificially defaunated condition. With few protozoa to engulf the bacteria, an increase in bacterial numbers was not unexpected (5, 21) . Table 2 illustrates the substantial contribution of protozoa to the rumen fluid ATP pool. Although the ATP concentration for the 14-p.m filter was 42 times greater than that for the 8-p.m filter, the difference was not significant. However, the mean protozoal numbers were significantly different. When the 14-p.m filter and the no-filter results were compared, differences in ATP concentration (P < 0.001) and protozoal number (P < 0.005) were observed as each value increased 40-and 110-fold, respectively. Because bacterial numbers among the VIVARs were not statisti- No filter 13 13.1k
116,000f 75b a., Means in the same column with unlike superscripts differ (P < 0.001).
b.d.f Means in the same column with unlike superscripts differ (P < 0.05).
c The bacterial mean for this treatment was calculated with three observations. cally different, the increase in ATP concentration between the 14-p.m and the no-filter VIVARs was attributed to the increase in protozoal number.
Rumen fluid ATP in cattle before and after defaunation. The average ATP concentration in rumen fluid of faunated cattle ranged from 7.0 to 47.1 ,ug/ml (Table 3) . A similar range in rumen ATP concentration has been reported by others (9, 10, 26, 27) . Cattle fed the all-hay diet had lower rumen ATP than those that received hay and grain. Before defaunation, rumen ATP and protozoal concentrations were highest in cattle receiving the most grain in the diet and lowest in those fed the most hay. Regardless of the diet, the rumen fluid ATP concentration was higher in cattle with protozoa than in those that were defaunated ( Table 3) . As expected, bacterial numbers in rumen fluid increased when the cattle were defaunated (8, 21) . Neither the protozoal numbers nor ATP concentration changed during the first 6 h after feeding (data not shown). However, bacterial numbers usually increased within 1.5 h after feeding (24) . It is apparent from these data that protozoa contribute the major proportion of ATP to the rumen fluid ATP pool.
Before defaunation, flagellates were low in number and represented a relatively insignificant percentage of the rumen population and therefore were not counted (21, 24) . However, in the defaunated condition, the total number of flagellates reached 1.3 x 106/ml of rumen fluid (Table 3 ). Orpin (21) has shown a similar increase in flagellate numbers in defaunated ruminants. Thus, flagellates may have contributed significantly to the total ATP pool in the defaunated cattle. With a significant increase in rumen bacterial numbers and total flagellates accompanied by removal of ciliate protozoa, the ATP value for the defaunated condition decreased significantly. These results support those of the previous experiment by emphasizing the major contribution of ciliate protozoa to the total rumen fluid ATP pool. DISCUSSION ATP measured in this study represented the static measurement of a dynamic biochemical. No attempt was made to study ATP turnover times that would enable calculations of total energy flux. Therefore, these data cannot fully describe the rates of microbial cellular metabolism (16) .
It has been suggested that rumen bacteria from ruminants fed different diets contain a relatively constant amount of protein regardless of the diet (25) . Hence, a measure of bacterial biomass would be a direct estimate of bacterial protein synthesis in the rumen. Because ATP concentration has been suggested as an indicator of bacterial biomass (2, 3), our primary objective was to determine microbial ATP concentrations and to relate the concentration to a viable microbial number in the rumen. Such a relationship might provide a rapid estimate of microbial protein.
In this study, although the bacterial ATP concentration correlated with viable bacterial counts in the log phase, varied results were obtained for bacteria in the stationary phase. Also, there was up to a fivefold difference in ATP concentration in the same number of live rumen bacterial cells between cattle on different diets. Hungate (15) suggested that the rumen resembled a continuous fermentation system with a growth rate similar to that of a batch culture with the bacteria in the early stationary phase of growth. The in vitro batch culture technique employed here used a low concentration of substrate, thus preventing the accumulation of inhibitory levels of fermentation end products. Because 40%o rumen fluid and BHI medium have low concentrations of added carbohydrate (0.2%) and because a 1:100 dilution of the inoculum was used, a rapid growth with an early equilibrium was achieved. The stationary phase was reached 3 to 5 h after inoculation. Therefore, the in vitro results should closely resemble what occurs in the rumen. Because the ATP levels vary with the stage of growth, the use of ATP as a bacterial marker is questionable.
The differences in the growth curves of the two rumen bacterial populations reflect the variations that exist in rumen bacterial populations between animals and between diets (15, 18) . Also, considerable differences exist in ATP pool sizes of different species of rumen bacteria. Forsberg and Lam (13) reported that the ATP pool size of S. bovis is four times greater than that of Megasphaera elsdenii and six times greater than that of Butyrivibrio fibrisolvens. Apparently, the species composition of the rumen bacterial flora has an influence on the bacterial ATP concentration.
Both the VIVAR and the defaunation experiments have clearly implicated the substantial contribution that protozoa make to the rumen fluid ATP pool. In the VIVAR study, a 40-fold increase in ATP was observed with a concurrent increase in protozoa and no significant change in bacterial counts (for the 14-,um filter and nofilter comparison). Similarly, in the defaunation study, the ATP level in rumen fluid containing protozoa was 3-to 18-fold larger than the level found in rumen fluid containing no protozoa. The difference in the rumen fluid ATP levels between the faunated and defaunated conditions could be attributed to the protozoal population. Based on the ATP values in Table 3 , we could estimate that 95, 85, and 64% of the rumen fluid ATP comes from protozoa for the 50:50 and 70:30 alfalfa hay-to-grain diets and the 100% alfalfa hay diet, respectively. Such estimates of the protozoal contribution to the rumen fluid ATP pool are really conservative assessments because the bacterial and flagellate numbers are in fact significantly greater in the defaunated than in the faunated condition. These estimates are in agreement with those of Forsberg and Lam (13) , who reported a 10-fold-higher ATP concentration in rumen protozoa than in bacteria.
Depending on the type of diet fed to the cattle, protozoal protein can represent up to 40% of the total microbial protein in ruminants (15) . Thus, less than 40% of the microbial protein originates from a population of microorganisms that can contribute up to 95% of the rumen fluid ATP pool. Coleman (5) reported that rumen bacteria represent less than 20% of the total volume of microorganisms in cattle fed a restricted high- VOL. 46, 1983 on October 19, 2017 by guest http://aem.asm.org/ Downloaded from grain diet. This may explain why bacteria contribute such a small percentage to the rumen fluid ATP pool. Considering the unbalanced distribution of ATP in rumen microbes, the static measurement of the rumen fluid ATP pool appears to correlate better with total protozoal number than with total bacterial number and, therefore, may not be a suitable method for determining total microbial protein synthesis. However, the ATP method has potential as an indicator of protozoal biomass, but the conventional microscopic counting methods are faster and easier than ATP analysis.
